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We present results of a search for the X(3872) in B — X(3872)K?, X(3872) — J/ym* 7™, improved
measurements of B~ — X(3872)K ", and a study of the J/¢7" 7w~ mass region above the X(3872). We
use 232 X 10° BB pairs collected at the Y(4S) resonance with the BABAR detector at the PEP-II e e~
asymmetric-energy storage rings. The results include the 90% confidence interval 1.34 X 1076 <
B(B® — X(3872)K°, X — J/ym"w~) <103 X 107® and the branching fraction BB~ —
X(B872)K~, X — J/pmt ™) = (10.1 £2.5 = 1.0) X 1076, We observe a (2.7 = 1.3 = 0.2)MeV/c?
mass difference of the X(3872) produced in the two decay modes. Furthermore, we search for the
Y(4260) in B decays and set the 95% C.L. upper limit B(B~ — Y(4260)K ~, Y(4260) — J/ymt 7~ ) <

2.9 X 1075,

DOI: 10.1103/PhysRevD.73.011101

The X(3872) was first observed in the charged B-meson
decay [1] B~ — X(3872)K~, X(3872) — J/mw @~ by
the Belle Collaboration [2]. It has been confirmed by the
BABAR Collaboration [3] and observed inclusively in the
same final state by the CDF and DO collaborations [4]. This
narrow-width particle has a mass very near the D°D*°
threshold and decays into final states containing charmo-
nium (J/¢). The most plausible interpretation [5] was a
1°D, or 1'D, c¢ state which would be narrow since it
would be forbidden to decay into open charm DD states.
However, these candidates should have large radiative
transitions into ), states that have not been observed [2].
Recent studies from Belle that combine angular and kine-
matic properties of the 77" 7~ mass, strongly favor a
JPC = 17+ state [6]. Other explanations include 2' P, c¢
(177) or 2°P; 17 states that should be narrow, but are
predicted to be about 100 MeV/c? higher than the X(3872)
mass and are not expected to have a large decay rate into
J/yarr final states [7]. Hence, the X(3872) appears not to
be a simple quark model gg meson state.

Many explanations have been proposed for the nature of
the X(3872). Recent interpretations include the diquark-
antidiquark model [8] and the S-wave D'D*® molecule
model [9]. The diquark-antidiquark model predicts a spec-
trum of J = 0, 1, 2 particles and identifies the X(3872) as
its 1** member state with the two quark combinations
X, = [cu][c@] and X, = [cd][c d] with a mass difference
m(X,) — m(X,) = (7 £ 2)MeV/c?. In addition, these two
states could form mixed states that are produced in both
charged and neutral B-meson decays with different masses
and rates depending on the mixing angle. A search for the
predicted charged partner of the X(3872) has been ad-
dressed in a previous analysis with an upper limit that is
still consistent with the model [10]. The D°D* molecule
model interprets the X(3872) as a loosely bound D°D*° S-
wave state that is produced in weak decays of the B-meson
into D’D*°K. In this picture, the S-wave molecule must
form a J¥ = 17 state. From factorization, heavy-quark
symmetry, and isospin symmetry, the decay B®—
X(3872)K" is predicted to be suppressed by an order of

PACS numbers: 14.40.Gx, 12.39.Mk, 13.25.Hw

magnitude relative to B~ — X(3872)K~ [9]. To investi-
gate these predictions, we present in this letter a study of
the neutral mode B°— X(3872)K°, X(3872)—
J/watm and we analyze B~ — J/ymt 7w~ K~ decays
with increased statistics to obtain improved measurements
of X(3872) — J/ym" o~ . In addition, we examine the
higher J/yar* 7~ invariant mass region to search for a
structure recently observed in initial state radiation (ISR)
events [11].

The data were collected with the BABAR detector at the
PEP-II asymmetric-energy e*e” storage rings on the
Y(4S) resonance. The integrated luminosity of the data
used in this analysis is 211fb~!; this corresponds to the
production of (232 + 3) X 10° BB pairs.

The BABAR detector is described in detail elsewhere
[12]. Charged-particle trajectories are measured by a com-
bination of a five-layer silicon vertex tracker (SVT) and a
40-layer drift chamber (DCH) in a 1.5-T solenoidal mag-
netic field. For charged-particle identification, we combine
information from a ring-imaging Cherenkov detector
(DIRC) and energy-loss measurements provided by the
SVT and the DCH. Photons and electrons are detected in
a CsI(T1) electromagnetic calorimeter (EMC). Penetrating
muons are identified by resistive-plate chambers in the
instrumented magnetic flux return (IFR).

Charged pion candidates are required to be detected in at
least 12 DCH layers and have a transverse momentum
greater than 100 MeV/c. Kaons, electrons, and muons
are separated from pions based on information from the
IFR and DIRC, energy loss in the SVT and DCH (dE/dx),
or the ratio of the candidate EMC energy deposition to its
momentum (E/p). Photon candidates are identified with
clusters in the EMC with total energy >30 MeV and a
shower shape consistent with that expected from a photon.

The B — J/ym" 7 K} and B~ — J/ypm* 7 K~ de-
cays are reconstructed in the following way. Electron
candidates and bremsstrahlung photons satisfying 2.95 <
m(ete (y)) <3.14 GeV/c? are used to form J/i —
ete” candidates. A pair of muon candidates within the
mass interval 3.06 <m(utu~) <3.14 GeV/c? is re-
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quired fora J/¢ — u* u~ candidate. A mass constraint to
the nominal J/¢ mass [13] is imposed in the fit of the
lepton pairs. We reconstruct Kg — 7" 7~ candidates from
pairs of oppositely charged tracks forming a vertex with a
X’ probability larger than 0.1%, a flight-length significance
/o (I) > 3 and an invariant mass within 15 MeV/c? of the
nominal K9 mass [13]. X(3872) candidates are formed by
combining J/¢ candidates with two oppositely charged
pion candidates fitted to a common vertex. Finally, we form
B°(B™) candidates by combining X(3872) candidates with
K9(K~) candidates. To suppress continuum background,
we select only events with a ratio of the second to the
zeroth Fox-Wolfram moment [14] less than 0.5.

We use two kinematic variables to identify signal events
from B decays: the difference between the energy of the B
candidate and the beam energy, AE = Ej, — /s/2, and the

energy-substituted mass mgg = \/(s/z +p,; pp)?/E} —p3.
Here (E;, p;) is the four-vector (in the laboratory frame)
and /s is the center-of-mass (CM) energy of the e*e™
system. E} is the energy of the B candidate in the CM
system and pp the momentum in the laboratory frame. The
signature of signal events is AE = 0, and mgg = mp where
mp is the mass of the B-meson [13].

We optimize the signal selection criteria by maximizing
the ratio n¥€/(3/2 + ,/nM€) [15] where n}C (n}I€) are the
number of reconstructed Monte Carlo (MC) signal (back-
ground) events. The optimization was performed by vary-
ing the selection criteria on AE, mgg, the candidate masses
of the X(3872) and K9, and the particle identification (PID)
requirements of leptons, pions, and charged kaons. The
criteria |AE| < 15 MeV, |mgg — mp| <6 MeV/c? and
|m(J /7t 7)) — 3872 MeV/c?| < 6 MeV/c? (signal re-
gion) were found to be optimal for selecting signal events.
In case of multiple candidates in an event, we select the
candidate with the smallest value of |AE|. Applying our
optimized selection criteria, we compute the J/y7" 7~
invariant mass in the range 3.8 — 3.95 GeV/c? shown in
Figs. 1(a) and 1(b) for the B~ and B® mode, respectively.

e T A A
2 30 ERL: ]
- 3 ]
wv e}
=20 % ; § T 6 ;
a ? TTTTME a 4 |1 [ { ]
8 10 = = A 8 2 - lLLh 'p' L—M =
L% b L% Fl|e Tﬂﬂ n- 17-%

3.8 385 39 3095 3.8 385 39 3095
m(J/yrn) (GeV/cZ) m(J/ynmr) (GeV/cz)

FIG. 1 (color online).
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The shaded area shows events in the sideband region
|mES - 5260' <6 MCV/CZ.

We extract the number of signal events with an extended
unbinned maximum-likelihood fit to the two-dimensional
distribution y(mgg, my) where my is the J/ar* 7r~ invari-
ant mass. The probability density function (PDF) (normal-
ized to the total number of events) is P(y) = > ,n,P,(y)
where 7, is the number of events of category 7. We consider
three different event categories: signal, B decays with the
same final-state particles as the signal that accumulate near
mgg = mp (peaking background), and combinatorial back-
ground. The individual PDFs P, are assumed to be un-
correlated in mggand my and can therefore be factorized as
P.(y) = g,(mgg)h,(my), where g, and h, represent the mgg
and my probability distributions, respectively. The B —
X(3872)K signal events are modeled by a Gaussian distri-
bution in mgg. The resolution function in my for those
events is best described by a Cauchy function [16] due to
the mass constraint of the J/icandidate. The PDF for
peaking background events is parameterized by a
Gaussian distribution in mgg and a linear function in my.
We model combinatorial background events by an ARGUS
function [17] in mgg and a linear function in my. The fit
performance was validated with MC experiments. The
mean and width of the mgg Gaussian distribution for signal
and peaking background and the width of the my Cauchy
distribution for the B mode were fixed to values obtained
from MC samples. Other parameters are allowed to vary in
the fit.

The fit is performed in the region 5.2 <mgg <
5.3 GeV/c? and 3.80 < my < 3.95 GeV/c? without ap-
plying the optimized selection criteria on those two varia-
bles. The signal region projections of the two-dimensional
fit are shown in Fig. 1 for the B~ (a,c) and B° (b,d) modes.
We obtain 61.2 £ 15.3 signal events for the B~ mode (n; )
and 8.3 * 4.5 signal events for the B® mode (n?), respec-
tively. In the following we interpret the observed events in
the B® mode as the X(3872).

/-\40— T — ~~~ T
o ) <o 10F(d) ]
S 30 1 % ¢ ]
= =

2 20 i g ]
sttt | 5 Uil
210 1 2

5 5 2 TT M J LAl
> ; > >0 (00

= L [8a]

52 5.25 25.3 52 5.25 2'5.3
mg (GeV/cY) mg (GeV/c)

Signal region projections of m(J /" 7~) and mgg for B~ — X(3872)K "~ (a,c) and B® — X(3872)KY (b,d).

The dashed line represents the combinatorial background PDF, the dotted line represents the sum of the combinatorial and peaking
background PDF, and the solid line the sum of all background plus the signal PDF. The shaded area shows events in the mgg sideband

region |mgg — 5260 MeV/c?| < 6 MeV/c?.
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The efficiency is determined from MC samples with an
X(3872) signal of zero width at 3.872 GeV/c?. The decay
model consists of the sequential isotropic decays B —
X(3872)K, X(3872) — J/yp°, and p°— wta.
Compared to a three-body decay, this gives a more accurate
description of the observed 7% 7~ invariant mass distribu-
tion [3]. Efficiencies are corrected for the small differences
in PID and tracking efficiencies that are found by compar-
ing data and MC control samples. The final efficiencies are
(17.4 £ 0.2)% for the B/K%mode and (22.2 * 0.2)% for
the B~ /K mode.

The branching fraction systematic errors (B~, B’ mode
in %) include uncertainties in the number of BB events
(1.1, 1.1), secondary branching fractions (5.0, 5.0) [13],
efficiency calculation due to limited MC statistics (0.7,
1.9), MC decay model of the X(3872)(1.0, 1.6), differences
between data and MC (1.8, 8.9), PID (5.0, 5.0), charged-
particle tracking (6.0, 4.8), and Kg reconstruction ( —,
1.6). The production ratio of B® and B~ mesons in Y(4S5)
decays is 1.006 = 0.048 [18]. The total fractional error
obtained by adding the uncertainties in quadrature is
9.6% and 12.8% for the B~ and B mode, respectively.

Assuming Gaussian systematic errors with a PDF
Py, (n) ~exp[—(n — ng)?/20%,], the negative log-
likelihood (NLL) function including systematic errors is
Ly, = (1/L(m)] — [1/ 0P, ()T where  L(n) =
—In(L(n)/ L,,,) is the NLL projection of the parameter
estimate n of the number of signal events and o, is the
systematic error on the number of signal events. The
significance including systematic errors obtained from

/2L ys(n = 0) is 2.5¢ for the B mode and 6.1¢ for the

B~ mode. The statistical significance (o,; = 0) of the
signal is 2.60 and 7.50, respectively.

Using n% and ny, the efficiencies, the secondary branch-
ing fractions and the number of BB events, we obtain the
branching  fractions B° = B(B’ — X(3872)K’, X —
J/pmTa)=(51+28+07)x10°% and B =
BB~ — X(B872)K~, X = J/¢pm ™) = (10.1 £2.5*
1.0) X 107°. For the ratio of branching fractions, R =
BY/B~, where most of the systematic errors cancel, we
obtain R = 0.50 = 0.30 = 0.05. We calculate a 90% con-
fidence level (C.L.) likelihood interval [19] [n,, n,] for the
number of signal events in the B® mode by solving the
equation 2L, (n; ;) = [erf~'(0.95)]*. With n; = 2.2 and
n;, = 16.9 the 90% C.L. interval on B is 1.34 X 107¢ <
B° < 10.3 X 107, Using the same strategy, the confi-
dence interval on the ratio of branching fractions becomes
0.13<R<1.10 at 90% C.L.

We measure the mass of the X(3872)in both modes in
reference to the precisely measured ¢(2S) mass [13]. We fit
the J/¢ar* 7~ invariant mass in the (2S) and X(3872)
region and calculate my = my g — Mys) i T My(s). The
result for the B® mode is (3868.6 = 1.2 = 0.2)MeV/c? and
(3871.3 = 0.6 = 0.1)MeV/c? for the B~ mode, where the
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first error is the statistical uncertainty on my g and the
second is the uncertainty on my»s) i and m s [13]. The
mass difference of the X(3872) produced in B® and B~
decays is Am = (2.7 = 1.3 *= 0.2)MeV/c?. The full width
at half maximum of the X-mass distribution from the fit on
data is (6.7 = 2.7)MeV/c?, which is consistent with the
MC-determined value of (5.4 = 0.1)MeV/c2. From this
we calculate the 90% C.L. upper limit on the natural width
as ' <4.1 MeV/c>.

Recent observations by BABAR [11] in ISR events pro-
vide evidence for at least one broad resonance in the
invariant mass spectrum of J/¢m "~ at 4.259 GeV/c?
that can be characterized by a single resonance with a full
width of 88 MeV/c?. This structure is referred to as
Y(4260). We search in B~ decays for states decaying into
J/part ™ above 4 GeV/c? and impose the additional
selection criterion |m(K~ 7t 7~) — 1273 MeV/c?| >
250 MeV/ ¢%,  which removes backgrounds from
K, (1270) decays. In the resulting mass distribution,
Fig. 2, we observe large combinatoric backgrounds and
cannot reliably determine the parameters of one or more
resonances. We use a two-dimensional PDF identical to the
previous model, but fix the central value and width of the
signal component to the ISR results [11]. The natural width
of 88 MeV/c? has been enlarged by the detector resolu-
tion, which is found to be the same as for the mass region
around 3.87 GeV/c?. The my projection of the two-
dimensional fit is overlaid in Fig. 2 and yields 128 * 42
signal events. The statistical significance calculated from

J—2InLy/L is 3.10 where L and L, are the maximum
likelihood of the fit and the null hypothesis fit, respectively.
Using a phase-space MC simulation of a state at
4.26 GeV/c? decaying into J/m" 7~ and assuming the
same systematic uncertainties and efficiency corrections as
for the X(3872), we obtain the 95% C.L. upper limit on the

o 80F —— I%_
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o 60+

=
RPN A Yo R 4
— 40 i __
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4 4.2 4.4
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FIG. 2 (color online).  Projection of the two-dimensional fit for
the mass region above 4 GeV/c? for events within the mpg
signal region in B~ — J/¢rm* 7~ K~. The lines represent the
same event types as in Fig. 1.
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branching fraction By = B(B~ — Y(4260)K ~, Y(4260) —
J/prt ) <2.9X1073. The 90% C.L. likelihood inter-
val on the branching fraction By = (2.0 = 0.7 = 0.2) X
107°is 1.2 X 1077 < By <29 X 107,

In conclusion, our studies of the J/art 7~ invariant
mass below 4 GeV/c? yield a signal of 2.5¢0 and 6.1c
significance in the B® and B~ mode, respectively, with a
ratio of branching fractions R = 0.50 = 0.30 = 0.05. We
observe an excess of events above background in the
J/@m " w invariant mass between 4.2 and 4.4 GeV/c?%.
These events are consistent with the broad structure ob-
served in ISR events [11].

If one narrow state is observed in the mode B~ —
X(3872)K~, X — J/ym" ™, the diquark-antidiquark
model [8] predicts one amplitude (from X, or X,) to be
dominant in the charged mode and the other amplitude to
be dominant in the neutral mode. In this case, the model
predicts the relative rates to be equal (R = 1) and the mass
difference to be (7 = 2)MeV/c?. The ratio of branching
fractions is consistent with our measurement, 0.13 < R <
1.10 at 90% C.L., and the observed mass difference of

PHYSICAL REVIEW D 73, 011101 (2006)

(2.7 = 1.3 = 0.2)MeV/c? is both consistent with zero and
the model prediction within 2 standard deviations. In the S-
wave molecule model [9], the neutral mode branching
fraction is predicted to be at least 10 times smaller (R <
0.1) than the charged mode. However, we obtain a ratio of
neutral to charged branching fractions which is slightly
more consistent with isospin-conserving decays.
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